A new enzyme, named uronic acid oxidase, was extracted and Free uronic acids generated within the plant by hydrolysis of uronic acid-rich polysaccharides or by hydrolysis of nucleotides are quickly metabolized; they are reduced, oxidized, decarboxylated, or converted to cell wall polysaccharides (10). Tracer studies have demonstrated that plants are capable of oxidizing D-galacturonic acid and D-glucuronic acid to the corresponding hexaric acids, galactaric acid, and D-glucaric acid (9. 11), but the enzymes involved have not yet been investigated. The enzymic conversion of hexuronic acids to hexaric acids has been studied in animals (13, 18) and especially in bacteria (3, 5, 23). Bacteria contain an enzyme, hexuronic acid dehydrogenase, which catalyzes the NAD-linked oxidation of hexuronic acids to hexaric acids. This reaction is the first step in the catabolism of uronic acids in bacteria (2, 4, 6).
Free uronic acids generated within the plant by hydrolysis of uronic acid-rich polysaccharides or by hydrolysis of nucleotides are quickly metabolized; they are reduced, oxidized, decarboxylated, or converted to cell wall polysaccharides (10) . Tracer studies have demonstrated that plants are capable of oxidizing D-galacturonic acid and D-glucuronic acid to the corresponding hexaric acids, galactaric acid, and D-glucaric acid (9. 11) , but the enzymes involved have not yet been investigated. The enzymic conversion of hexuronic acids to hexaric acids has been studied in animals (13, 18) and especially in bacteria (3, 5, 23) . Bacteria contain an enzyme, hexuronic acid dehydrogenase, which catalyzes the NAD-linked oxidation of hexuronic acids to hexaric acids. This reaction is the first step in the catabolism of uronic acids in bacteria (2, 4, 6) .
Recently, in studying the role of polygalacturonase in abscission of citrus leaf explants (17) , we observed that the enzymic preparations used contained an enzyme which oxidized the free galacturonic acid released by the polygalacturonase, as well as the free reducing groups of the substrate, sodium polypectate. Based on preliminary studies, the enzyme was named uronic acid oxidase (17) . The present work was designed to isolate and characterize the enzyme which catalyzes the oxidation of uronic acids in citrus leaves.
MATERIALS AND METHODS Plant Material. Six-to 12-month-old leaves of mature Shamouti orange (Citrus sinensis L. Osbeck) trees were cut at the abscission zone and placed in glasses containing a small amount of water. The leaves were treated for 3 days with 30 1kl/l of ethylene as previously described (17) .
Chemicals. The A. in 1 min under the conditions described above.
Method B. This method is based on measuring the decrease in reducing groups due to oxidation of the substrate. The standard reaction mixture in a final volume of 1 ml contained 3 mm uronic acid and 0.1 M potassium phosphate buffer, pH 7.4. After preincubation for 5 min at 30 C, the reaction was initiated by adding enzyme solution. The reaction mixtures were incubated for 30 to 60 min. A reaction mixture to which active enzyme was added at the end of the incubation time served as a blank. The decrease in reducing groups was measured with the dinitrosalicylic acid reagent (16), using D-galacturonic acid or D-glucuronic acid as a standard. This reagent was preferred to the Somogi-Nelson reagent (19) because it was much less affected by the contents of the reaction mixtures. One unit of activity was defined as that amount of enzyme causing a decrease of 1 1imole uronic acid in 1 hr under the specified reaction conditions.
Method C: Manometric Method. The method employed conventional Warburg manometric procedures for the determination of 02 consumption. The standard reaction mixture in a final volume of 2 ml contained 3 mm uronic acid, 0.1 M potassium phosphate buffer, pH 7.4, and 200,ug of catalase; 0.2 ml of 20% KOH was placed in the center well. The enzyme was added from the side arm after equilibration at 30 C. Results were calculated as tcmoles of 02 consumed per 1 hr.
Analytical Techniques. Sugar acids were analyzed by electrophoresis, using thin layer plates coated with 0.25 mm of microcrystalline cellulose. Electrophoresis was carried out in 0.2 M ammonium acetate buffer, pH 5.8, for 70 min at 4 C and 10 v/cm. (12) for specific activity measurements, or by recording the A2,,
for column chromatography effluents.
RESULTS
Enzyme Purification. A summary of the data on the partial purification of citrus UAO is presented in Table I . A 67-fold purification of the enzyme with a total recovery of 31% was obtained.
UAO activity in freshly excised citrus leaves was found to be extremely low, but it markedly increased after treatment with ethylene. Therefore, ethylene-treated leaves were used as the source of UAO.
Although we have no evidence that UAO is a bound enzyme, the addition of salt to the extraction buffer was found to be useful. Six percent (NH4)2S04 in the extraction buffer increased the amount of UAO that was extracted by 30 to 40% as compared to buffer alone.
The procedure used for purification of UAO gave an almost colorless enzyme preparation which was free from catalase activity and thus suitable for studying UAO characteristics by the peroxidase-chromogen method. In all the experiments to be described, purified preparations of the specific activity reported in Table I enzyme were used, and the amount of activity was measured during the first 10 min. Whenever the other assay methods were used, the linearity of the reaction was determined.
Identification of the Reaction Products. Chromatographic analyses suggested that the hexuronic acids are oxidized to the corresponding hexaric acids. Because the two groups of sugar acids have similar RF values, the reaction products were further analyzed by thin layer electrophoresis.
Reaction mixtures containing 0.8 ,uCi D-glucuronic acid-U-4C, 3 mM unlabeled D-glucuronic acid, 0.1 M tris-HCl, pH 7.4, and purified enzyme in a total volume of 1 ml were incubated for various periods at 30 C. Ten-,ul samples of the above reaction mixtures and 20 Ug of D-glucuronic acid and D-glucaric acid were spotted at one side of the thin layer plates and electrophoresed. The plates were then sprayed with the periodate-benzidine reagent and scanned for radioactivity. Figure 1 shows that the oxidation of glucuronic acid yielded a single product which migrated precisely with D-glucaric acid. D-Glucaric acid was the only product which was detected in all the reaction mixtures analyzed. The identity of the product of glucuronic acid oxidation was further confirmed by its reduction with sodium borohydride to the corresponding hexitol according to the procedure of Kessler et al. (9) . The radioactive hexitol obtained was identical with D-glucitOl upon co-chromatography (solvent B), confirming that the product was D-glucaric acid.
In a similar experiment, unlabeled D-galacturonic acid, 5 mM, was substituted for glucuronic acid in a reaction mixture otherwise identical to the one described above. The reaction was allowed to proceed until all galacturonic acid had been oxidized. Then the products of the reaction were analyzed by thin layer electrophoresis as above. After spraying with the periodate-benzidine reagent, galactaric acid was identified as the product of D-galacturonic acid oxidation by comparing its electrophoretic mobility to that of authentic galactaric acid. (Table II) . At this concentration the highest activity was obtained with galacturonic acid, the rates of activity with glucuronic acid and glucuronolactone being 72 and 9%, respectively, the rate of galacturonic acid activity. Polygalacturonic acid was also oxidized. The polygalacturonic acid was dialyzed before use until chromatographically (solvent A) free from galacturonic acid. No significant activity was obtained with the penturonic acids, arabinuronic acid and xyluronic acid, when assayed at a concentration of 1.5 mm and 2.0 Effect of Substrate Concentration. The effect of changing the substrate concentration on the reaction velocity, measured with the peroxidase-chromogen method, is shown in Figures 3 and 4 for D-galacturonic acid and D-glucuronic acid, respectively. The apparent Km values were calculated from Lineweaver-Burk plots of the data (Figs. 3 and 4) . The Km values for galacturonic acid and glucuronic acid were 0.13 and 0.5 mm, respectively.
Molecular Weight. Gel filtration of a concentrated (NH,)2S.O fraction on a calibrated Sephadex G-200 column indicated that the UAO has a mol wt of about 98,000 (Fig. 5) .
Inhibitors. Various sulfites, Na2S2O, Na2SO3, and NaHSO., were found to inhibit UAO activity, assayed by method B using D-galacturonic acid as a substrate (Table III) . When D-glucuronic acid was used as a substrate, similar rates of inhibition were obtained, indicating that one enzyme catalyzes the oxidation of both uronic acids.
No inhibition of UAO activity, assayed by the manometric The function of UAO in the metabolism of the plant is yet unclear. It might be that the UAO represents a catabolic enzyme and the oxidation of galacturonic acid and glucuronic acid generated by hydrolysis of polysaccharides is, as in bacteria (2, 4, 6) , the first step in the utilization of uronic acids as a source of carbon. Bacteria convert uronic acids to various organic acids, including a-ketoglutaric acid (6) and pyruvic acid (4) . Since the enzyme was found to oxidize polygalacturonic acid, it might also be that the natural substrate is a polysaccharide containing terminal uronic acid residues. However, the fact that ethylene stimulates the activity of polysaccharidehydrolyzing enzymes (1. 17) , as well as the activity of UAO and the observations that plants contain hexaric acids as natural products (9, 1 1) support our first suggestion. The physiological role of UAO and the hormonal control of its activity will be further studied.
